1. Introduction 447 lanthanide hydrides, as well as some body-centered systems. The physical picture which emerges from the calculations will be presented (somewhat subjectively) in the summary.
Energy Band Calculations
Before I discuss the results of various energy band calculations for metal hydrides, it is appropriate to examine in somewhat more detail the approximations and parameters which enter into the calculations. There are two types of approximations, physical and numerical, and we shall discuss the latter after a brief detailing of the former which leads one to an energy band approach.
The physical approach is the quantum mechanical one of wave functions and operators whose average over the wave function (expection value) determines the physical observables of the problem [1] . The wave function is a function of the coordinates of the particles and is determined by solving the Schrödinger eigenvalue equation = (1) where is the Hamiltonian for the problem, " is the wave function corresponding to the nth solution with En the energy of this solution. The first approximation is the separation of electronic (e) and nuclear coordinates (rn) to give . " = ) :( )- (2) This is the Born-Oppenheimer approximation. Equation 2 is still too complicated to solve for systems involving more than two electrons. The next assumption involves the form of the wave function "( ) as a product (determinant) of one electron functions [2] "( {) called orbitals. This assumption, and the fact that a wave function for the lowest (ground state) energy is variational, (i.e. the true wave function gives the lowest value of the expectation value of the Hamiltonian, the ground state energy eigenvalue, E0), leads to the one electron Hartree-Fock equations [3] for the best approximate one electron orbitals
The Hamiltonian can be written as h (i) = m + VM + ) + VM- (4) The various terms represent the kinetic energy of the electron and its potential energy. Vc(r¡) is the Coulomb potential of the electron in the field of all the other electrons and as such is a function of their charge distribution which is determined by the orbitals, "( ). Similarly KEX is the exchange potential which is a manifestation of the Pauli exclusion principle (or 448 Fermi-Dirac statistics) which prevents any two orbitals from being identical. This leads to the shell structure of atoms is2 2s2 2p6 3s2 3p6 3d10 As2 etc. VN{RN) is the potential energy of the electron in the field of the nuclei and as such contains the nuclear positions as parameters RN. Knowing the form of the Hamiltonian one can assume a functional form for the orbitals (, solve (3) for the orbitals, select the orbitals with lowest eigenvalues, ;, construct the Hamiltonian (4) from these orbitals and solve iteratively until the equations converge to a numerically stable level (self-consistency). This procedure has been done for atoms and molecules and is responsible for much of our physical picture of atomic structure and chemical bonding.
One is capable of getting results which are accurate to a few percent. One approximation which can be removed is the use of a single product (or small sum of products) for the wave function by using a larger and larger sum. The simple product function gives a certain statistical independence in the positions of the electrons and as such is said to lack correlation. Correlation effects are responsible for the remaining errors and in many cases these effects are large [4] . One can account for correlation by either 1) ignoring it, 2) adjusting ones results in some fashion [4] or 3) including it in (4) in VEX [5] . Results for solids using (4) without its inclusion do not agree nearly as well with experiment as result with it. This concludes our discussion of the major physical approximations.
The starting point of electronic structure of solids is (4), the one electron Schrödinger equation. One can go back to (2) and introduce a combined exchange and correlation term into the Hamiltonian [6] but the net result is still a set of one-electron equations as (4) . This latter approach is the popular [6] or local density [7] approximation which has been employed in the majority of hydride energy band calculations. The form of the one-electron Hamiltonian is -^+ -4 ( ,)^.-6(3/8 ^ 3)- (5) 
One first has to decide on the form of the solid potential Vx and the form to be used for i />, .
The mathematics of the problem simplifies considerably 449 for the case of a perfect crystal [11] . In [12] method although the KKR method [13] and others [14] have also been used. The potential prescription is a compromise between physical realism and computational convenience. The initial crystal potential is usually derived from atomic calculations [15] . The atoms should be as representative as possible of the situation in the solid. This may mean some change in the atom to prepare it for the solid. Some such common changes are to choose a configuration more consistent with the solid e.g. a configuration of 3d24s for scandium, rather than the atomic one of 3d4s2. Some attempt should be made to fit the atom into the solid.
Two such procedures involve either renormalizing the atom [16] or making a superposition [ 17] [18] . For computational simplicity a "muffin tin" approximation to the potential is usually made [19] . In [20] , 2) representing the potential outside the spheres by means of a Fourier expansion [21] , 3) the use of strategically placed interstitial spheres [22] , and 4) representation of the non-spherical parts of the true potential inside the spheres [23J. All these extensions require more computational effort and usually only change the details. Depending on how good the initial assumption (B) the same conclusion may be made concerning self-consistency (C).
The methods of solving (7) are varied but if done correctly the results are independent of the method. We do not wish to dwell on technique since these procedures have been adequately discussed elsewhere [12] . We shall only say that the usual procedures using scattering type methods (APW, KKR, ASW [14] , ASA [24] , etc. using a combined angular momentum/ plane wave representation combined with the muffin tin approximation)
give a useful picture of the transition from atoms to solids in terms of the atomic-like angular momentum components (/) and a somewhat less well described charge outside the "atomic" spheres in the region of flat potential p0. This representation is particularly suitable for calculating the superconductivity parameters [25] .
Step D has been discussed in general elsewhere [26] and in specific will form the rest of this paper. In step E such variations include 1) changing the metal, M, and repeating the procedure -this has been employed successfully by Gelatt [27] and coworkers, the author [28] and others [29] ; 2) changing the crystal structure to see what influence this has, -one can invoke experimental non-attainable ones to assess trends; and 3) varying the lattice parameter to study pressure dependencies [30] . The variation of parameters is only limited by the patience of the investigator.
The Palladium and Nickel Hydrogen Systems
The palladium-hydrogen system is probably the most extensively studied system [31] [32] [33] and this conference hardly reflects a diminution of this interest.
The band structure of palladium and nickel hydrides were first calculated in 1972 in conjunction with the First Hydrogen in Metals Meeting in Jülich [32] . Also at that meeting the occurrence of superconductivity in PdH( x> 0.80) was reported by Skoskiewicz [34] . Since that time there have been over a dozen band structure-related publications [14, 35 - [12] derivedfrom given atomic configuration using aM (5 Fig. 3 ). This is due to the addition of empty bonding and antibonding states in the valence band region. These Figure 4a there is additional hydrogen i-character throughout the region of interest, particularly at the Fermi energy whose value is increasing while the total density of states at the Fermi energy is falling. The j-character on the Pd site is shown in Figure 4c and mirrors the hydrogen^-character. A comparison of Figures 4a, b , and c shows a significant fraction of the density of states is unaccounted for. Some of this unaccounted for charge is due to the partitioning of the real space cell into spheres and interstitial region, but a sizeable portion is of palladium d-character as shown in [39] . A more detailed analysis of the charge is given in Table 3 An illustrative example of the approach of varying the hydrogen concentration is given in Figure 5 and This admixture is necessary to observe X-ray emission from palladium core levels in this region [46] . There always is some arbitrariness in partitioning of the charge. For Pd4H each hydrogen has to share its electron with four palladiums and three intersitial spheres while for PdH there is a compression of the charge within the unit cell. Nevertheless by the time we reach PdH the trends have continued with over half the low-structure charge in the palladium sphere and the hydrogen sphere containing only slightly more charge than the starting superposition (the charge in palladium sphere has decreased to only slightly less (1.5%) of the valence charge) so it would appear the results are fairly self-consistent. All calculations indicate a buildup of charge in the hydrogen sphere with some diminuation of charge in the metal sphere. One could say that the PdH0 calculation lost the most charge and is the least selfconsistent but such reasoning may be specious since the palladium potential was derived for PdH. The trends are the significant features : buildup of low-energy structure (magnitude not width after Pd4H3) about 0.50 electrons associated with the hydrogen in the low structure and 1.0 electron associated with the palladium.
The Titanium Hydrogen System
There have been four calculations summarized in Table 4 of the hydrides of titanium [45, 47, 48] . The calculations of Gelatt et al. [27] are for a hypothetical monohydride having the sodium chloride structure and cannot be W L W Fig. 6 . The energy bands for cubic titanium using the same titanium potential as for TiH2 [48] Reference [27] Reference [54] Reference [49] compared with the other three or with experiment. Our model for dihydride formation and stability involves the ability to fill these new low-lying antobonding states with some of the added hydrogen electrons and the relative position of these levels relative to the Fermi level. This position is related to the hydrogen-hydrogen spacing which is related to the interstitial site and the metal atom size such that VH2 (with a metal atoms size of 1.34 Â) is more unstable than TiH2 (with a metal radius of 1.47 Â). Kulikov's antibonding band falls relative to the d-banà upon decreasing the lattice constant, contrary to our results. I shall return to these points in the discussion section.
All calculations indicate the Fermi energy intersects the band structure in the direction twice, producing two pockets of holes from the orbitallydegenerate empty 3 states. These states are split by the tetragonal distortion to lower the net crystal energy. The filling and emptying of these states by vanadium additions or hydrogen removal respectively is consistent with the phase diagram [55] . All calculations show a peak at or above the Fermi energy. The statistics of Gupta's density of states are the best and she has a sharp narrow peak at the Fermi energy. Her density of states values are larger than the specific heat derived value, the latter was obtained from a sample composition TiHj 97 which has already undergone the tetragonal distortion which reduces the experimental value. The peak in the density of states due to the bonding-antibonding hydrogen combination, observed 6.0 to 8.0 eV below the Fermi level, may be related to the hydrogen-induced peak observed by Eastman [49] . The charge distribution from our calculations is given in Table 5 . We see that there is less than a quarter of an electron in the calculation without the hydrogen potential (TiH0) which increases by over a factor of four upon the addition of the hydrogen. The growth in charge upon adding the hydrogen potential and the two electrons is a net gain in the titanium sphere of less than 0.30 electron. Again there is as much charge in the titanium sphere associated with the low energy structure as in each hydrogen sphere.
Lanthanide and other Group III Hydrides
The first published energy band calculations for hydrides were for rare di-and trihydrides [28] . The results showed, as in the palladium and titanium systems, that for the monohydride system the bonding metal hydrogen band was lowered but the added electron went into the i/-band states at the Fermi energy. The antibonding metal-hydrogen band was too high to be occupied by the four valence electrons. In the case of the dihydride the antibonding hydrogen-hydrogen band lay below the i/-bands and could hold the two electrons added by the hydrogens. Furthermore, in the case of the cubic trihydride where in addition to the tetrahedral sites the octahedral site is [47, 58] . However the low-lying structure owes its existence to the introduction of the hydrogens and is absent in the parent metal. This structure has been seen in X-ray emission [59] , photoemission [49] , and optical studies [60] . The interrelation of these studies and the band structures will be discussed further by Weaver [60] . [27] survey. The top of the antibonding band ( 2') is below the ii-bands in the rare earths and yttrium, overlaps the </-bands in the middle of the 3d series and is above the c7-bands in nickel [45] and palladium [35] . Figure 12 , for vanadium the nearest-neighbor octahedral distance is 1.5 A and the tetrahedral distance is 1.1 A. If we assume that a minimum hydrogenhydrogen spacing of 2.10 A (as was found for the fluorite structure) and that tetrahedral site occupancy is preferred, we obtain the results shown in Table 6 . Here we assume a body-centered metal lattice with touching spheres based on an observed bcc metal phase, and then catalog the tetrahedral distances d¡. We see that V, Nb, and Ta do not achieve a distance of greater than 2. 
